The nonreceptor tyrosine kinase PYK2 represents a stresssensitive mediator of c-Jun N-terminal kinase and p38 mitogenactivated protein kinase (MAPK) signaling pathways in many cell types. In the present study, we assessed the tyrosine phosphorylation of PYK2 under normal and pathological conditions in the CNS. We generated a polyclonal antibody that selectively recognizes tyrosine-phosphorylated PYK2 at its major autophosphorylation site. By using this antibody, we demonstrate that the phosphorylation profile of PYK2 after focal cerebral ischemia is biphasic. The first phase occurs within 1 hr, when most of the phospho-PYK2 immunoreactivity was observed in cortical neurons, whereas 24-72 hr after ischemia, a striking induction of phospho-PYK2 immunoreactivity was evident in microglia around the necrotic infarcted area. Double-immunostaining analysis using both anti-phospho-PYK2 antibody and antibody against the double-phosphorylated active form of p38MAPK revealed that the two phosphorylated protein kinases exhibit strikingly similar distribution patterns after ischemia. A short time after ischemia, phosphorylation of p38MAPK was evident in the cortical neurons as demonstrated by both immunohistochemistry and immunoblotting analysis, whereas 24-72 hr after ischemia, phospho-p38MAPK was found in activated microglia and colocalized with phospho-PYK2. In contrast to cortical neurons, basal phospho-PYK2 immunoreactivity was observed in hippocampal pyramidal neurons, which was markedly decreased after kainate acid-induced status epilepticus. However, 24 hr after the epileptic onset, a pronounced upregulation of PYK2 and phospho-PYK2 immunoreactivities was evident in microglial cells, as demonstrated by double-immunostaining with the microglial marker OX42. These results provide, for the first time, in situ localization of tyrosine-phosphorylated PYK2 in neuronal stress pathways in the adult rat brain and are consistent with the role of PYK2 as an upstream regulator of p38MAPK signaling cascades in response to stress signals.
The nonreceptor tyrosine kinase PYK2 represents a stresssensitive mediator of c-Jun N-terminal kinase and p38 mitogenactivated protein kinase (MAPK) signaling pathways in many cell types. In the present study, we assessed the tyrosine phosphorylation of PYK2 under normal and pathological conditions in the CNS. We generated a polyclonal antibody that selectively recognizes tyrosine-phosphorylated PYK2 at its major autophosphorylation site. By using this antibody, we demonstrate that the phosphorylation profile of PYK2 after focal cerebral ischemia is biphasic. The first phase occurs within 1 hr, when most of the phospho-PYK2 immunoreactivity was observed in cortical neurons, whereas 24-72 hr after ischemia, a striking induction of phospho-PYK2 immunoreactivity was evident in microglia around the necrotic infarcted area. Double-immunostaining analysis using both anti-phospho-PYK2 antibody and antibody against the double-phosphorylated active form of p38MAPK revealed that the two phosphorylated protein kinases exhibit strikingly similar distribution patterns after ischemia. A short time after ischemia, phosphorylation of p38MAPK was evident in the cortical neurons as demonstrated by both immunohistochemistry and immunoblotting analysis, whereas 24-72 hr after ischemia, phospho-p38MAPK was found in activated microglia and colocalized with phospho-PYK2. In contrast to cortical neurons, basal phospho-PYK2 immunoreactivity was observed in hippocampal pyramidal neurons, which was markedly decreased after kainate acid-induced status epilepticus. However, 24 hr after the epileptic onset, a pronounced upregulation of PYK2 and phospho-PYK2 immunoreactivities was evident in microglial cells, as demonstrated by double-immunostaining with the microglial marker OX42. These results provide, for the first time, in situ localization of tyrosine-phosphorylated PYK2 in neuronal stress pathways in the adult rat brain and are consistent with the role of PYK2 as an upstream regulator of p38MAPK signaling cascades in response to stress signals.
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Many tyrosine kinases stimulate signaling cascades that lead to activation of mitogen-activated protein kinase (MAPK) pathways. In vertebrates, there are at least three different MAPKs that convey distinct biological responses: extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38MAPK (Lewis et al., 1998) . Whereas ERK signaling is generally involved in the control of cell proliferation and differentiation, JNK and p38MAPK signaling pathways mediate responses to various forms of cellular stress (Pettmann and Henderson, 1998) . In the nervous system, the MAPK pathway, mediated by ERK activation, may function to regulate synaptic transmission through long-term changes in protein synthesis and gene expression in the nucleus. On the other hand, activation of the JNK and p38MAPK pathways is closely related to apoptosis and is associated with a variety of pathological events in the CNS. In the case of Alzheimer's disease for example, the immunoreactivity for c-Jun is elevated in association with the pathological state of the neurons (Cotman, 1995) . Therefore, signaling pathways that induce activation of MAPKs may play an important role in the physiological and pathological responses of the nervous system.
The nonreceptor tyrosine kinase PYK2 acts as an upstream regulator of MAPK signaling pathways in response to diverse cellular stimuli. In the nervous system, it is highly sensitive to depolarization and can link calcium influx events to ERK activation (Lev et al., 1995) . G-protein-coupled receptors, such as those of bradykinin or lysophosphatidic acid, stimulate ERK activation by a mechanism that involves PYK2 autophosphorylation, association with the tyrosine kinase Src, recruitment of the Grb2/Sos complex, and subsequent activation of the Ras/ERK signaling pathway . On the other hand, stress signals, such as UV irradiation or hyperosmotic shock, inflammatory cytokines, or activation of the angiotensin II receptor, induce tyrosine phosphorylation of PYK2, activation of the small GTP-binding proteins Cdc42 and Rac, and subsequently, activation of JNK Yu et al., 1996) . PYK2 was also implicated as an upstream regulator of p38MAPK in response to certain cytotoxic agents, such as methylmethane sulfonate and hyperosmolarity (Pandey et al., 1999) .
In addition to the nervous system, PYK2 is highly expressed in hematopoietic and epithelial cells. In many hematopoietic cells, PYK2 is tyrosine-phosphorylated in response to integrin engagement, is localized in focal adhesions, and is associated with cytoskeletal proteins such as paxillin (Gismondi et al., 1997) . The role of PYK2 in the integrin signaling pathway is not understood at present, although many studies describe the role of its most related kinase, focal adhesion kinase (FAK), in the integrin-mediated signaling cascade. FAK was shown to be required for integrinmediated cell survival and proliferation and was implicated in cell migration (Hanks and Polte, 1997; Schlaepfer and Hunter, 1998) . However PYK2, but not FAK, is activated in response to stress signals and appears to be capable of triggering JNK phosphorylation .
In the present study, we assessed the tyrosine phosphorylation of PYK2 in stress-mediated pathways in the CNS. By using antibody that specifically recognizes tyrosine-phosphorylated PYK2, we provide evidence that PYK2 is rapidly phosphorylated in cortical neurons after cerebral ischemia. Tyrosine-phosphorylated PYK2 was upregulated in activated microglia after focal cerebral ischemia and epilepsy. Furthermore, we demonstrate that tyrosinephosphorylated PYK2 is colocalized with activated p38MAPK, in both neuron and microglia, after ischemia. We propose that PYK2 is a stress-sensitive mediator of the p38MAPK pathway in vivo after cerebral ischemia.
MATERIALS AND METHODS

Animals.
All animal experiments were performed in conformity with the institutional and National Institutes of Health guidelines. Male Wistar rats (weight of 250 -300 gm) were obtained from the Animal Breeding Unit of the Weizmann Institute of Science and maintained under controlled environmental conditions (air-conditioned quarters, ambient temperature of 22°C, illumination between 5:00 A.M. and 7:00 P.M., and relative humidity 45-55%). Food and water were available ad libitum.
Middle cerebral arter y occlusion. A focal cerebral ischemia model was applied under chloral hydrate (350 mg / kg body weight, i.p.) anesthesia by intraluminal occlusion of the right middle cerebral artery (MCA) as described previously (L onga et al., 1989; Nakano et al., 1990) . The right common, internal, and external carotid arteries were exposed surgically, extracranial branches of the internal and external carotid arteries were occluded, and the right common carotid artery was clamped. A siliconcoated 4/0 nylon thread was introduced into the lumen of the internal carotid artery at the level at which the MCA branches out. The clip on the common carotid artery was released. Rats were divided into two general groups: short-time ischemia group and long-time ischemia group. Rats of the short-time ischemia group were killed at 15 min (n ϭ 5), 30 min (n ϭ 6), and 1 hr (n ϭ 5) after MCA occlusion (MCAO). Rats of the long-time ischemia group were reperf used at 1 hr after MCAO by removing the filament from the artery and were then killed at 6 (n ϭ 5), 24 (n ϭ 5), 48 (n ϭ 5) or 72 (n ϭ 6) hr. Sham rats, which received the same surgical procedure except the introduction of the nylon thread into the artery, were killed at 30 min (n ϭ 2) or 48 hr (n ϭ 2) after surgery.
Kainate acid treatment. Rats were injected intraperitoneally with kainate acid (K A) (12 mg / kg body weight; Sigma). Rats showing typical K Ainduced limbic seizures for 1-1.5 hr upon recovery were killed at 6 (n ϭ 3), 24 (n ϭ 3) or 72 (n ϭ 4) hr after K A administration. Control rats (n ϭ 2) were injected with saline and killed 24 hr later.
Antibodies, immunoprecipitation, and immunoblotting anal ysis. Antiphospho-PYK2 antibody was raised in rabbits immunized with a keyhole limpet hemocyanin-conjugated phosphopeptide (C SI ESDI YpAEI PDET) corresponding to amino acids 395-409 of PYK2. Three sequential steps of affinity purification were performed using a nonphosphorylated peptide coupled to Sepharose 4B, followed by a phosphotyrosine (P TYR) column, and subsequently by an affinity column containing the phosphorylated peptide. The specificity of the anti-phospho-PYK2 antibody was analyzed by Western blotting, immunoprecipitation, or immunofluorescence analysis. Anti-PYK2 antibody was raised in rabbits immunized with a maltosebinding protein f usion protein containing amino acids 285-455 of PYK2 and was affinity-purified by using the cognate antigen immobilized on Sepharose beads. Anti-phospho-p38M APK and anti-phospho-ERK monoclonal antibodies were obtained from Sigma. Anti-phospho-p38M APK antibody was directed against the highly conserved Thr-Gly-T yr motif corresponding to the phosphorylated p38M APK kinase activation loop. Anti-OX42 monoclonal antibody was purchased from Serotec (Oxford, UK). This antibody recognizes the complement receptor type 3 (CR3) and specifically labels the plasma membrane of the microglial cells (Ling et al., 1990) . Anti-P TYR antibody was purchased from Upstate Biotechnology (Lake Placid, N Y). Anti-phospho-JN K monoclonal antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p38M APK polyclonal antibody was kindly provided by Dr. R. Z eger (Department of Bioregulation, Weizmann Institute of Science, Rehovot, Israel). Immunoprecipitation and immunoblotting were performed as described previously (Lev et al., 1995) .
Immunohistochemistr y. Rats were anesthetized as described above and perf used transcardially with heparinized saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer for 45 min. Brains were removed and post-fixed for 48 -72 hr at 4°C with a fixative solution containing 1% paraformaldehyde and 20% sucrose. Sections (50 m) were cut on a microtome and stored in PBS at 4°C as free-floating sections. Sections were incubated with 3% H 2 O 2 in methanol for 10 min to quench endogenous peroxidase activity and then incubated in blocking buffer solution (1% glycine, 10% goat serum, 2% bovine serum albumin, and 0.1% Triton X-100 in PBS) for 2 hr at 22°C. Sections were incubated overnight at 4°C with anti-PYK2 antibody (3 g /ml), anti-phospho-PYK2 antibody (1.25 g /ml), or anti-OX42 antibody (2.5 g /ml) in blocking buffer. After washing with PBS -0.1% Triton X-100, immunoperoxidase histochemistry was performed using the ABC method (Vector Laboratories, Burlingame, CA). The sections were washed three times with PBS -0.1% Triton X-100 and mounted onto gelatin-coated slides, dried overnight at room temperature, dehydrated, and coverslipped.
Confocal immunofluorescence microscopy. Sections were permeabilized and blocked in blocking buffer as described above. Anti-PYK2 (3 g /ml) or anti-phospho-PYK2 (1.25 g /ml) polyclonal antibodies were incubated overnight at 4°C together with either anti-P TYR (0.12 g /ml), anti-OX42 (2.5 g /ml), anti-p38M APK (1 g /ml), anti-phospho-ERK (2 g /ml), or anti-phospho-JN K (2.5 g /ml) monoclonal antibodies. After washing with PBS -Triton X-100, the sections were incubated with a mixture of Alexa donkey anti-mouse IgG (1 g /ml; Molecular Probes, Eugene, OR) and C y3-conjugated goat anti-rabbit IgG (2.0 g /ml; The Jackson Laboratory, Bar Harbor, M E). The sections were washed with PBS and coverslipped with fluorescence mounting medium. Sections were observed under a confocal laser microscope (Z eiss 510; Z eiss, Oberkochen, Germany) equipped with filters for fluorescein and C y3 epifluorescence. Both 488 and 543 nm laser lines were used for excitation, and 505-530 nm bandpass and 560 nm long-pass filters were used for emission. Image analysis was performed using the standard system operating software provided with the Z eiss 510 microscope (version 2.01).
RESULTS
Specificity of anti-phospho-PYK2 antibody
PYK2 is phosphorylated at multiple sites, including tyrosine 402, 579, 580, and 881 (Schlaepfer and Hunter, 1998) . Tyrosine 402 appears to be the major autophosphorylation site and was shown to mediate the interaction with Src homology 2-containing proteins, including the tyrosine kinases Src and Lck Berg and Ostergaard, 1997) . To probe tyrosine-phosphorylated PYK2 in situ, we generated anti-phosphopeptide antibody that selectively recognizes tyrosine-phosphorylated PYK2 at its major autophosphorylation site, tyrosine 402. The specificity of this antibody was assessed by Western blotting, immunoprecipitation, and immunofluorescence analysis. The results shown in Figure 1 demonstrate the specificity of this antibody by Western blot analysis. We have shown previously that PYK2 is tyrosine-phosphorylated in response to membrane depolarization (Lev et al., 1995) . Therefore, PYK2 was immunoprecipitated from either quiescent PC12 cells or cells that were treated with a high concentration of KCl (75 mM) to induce membrane depolarization. PYK2 immunoprecipitates were immunoblotted with anti-PYK2, anti-PTYR, or anti-phospho-PYK2 antibodies. As shown in Figure 1 , anti-PYK2 antibody recognizes PYK2 immunoprecipitated from both quiescent and KCl-stimulated PC12 cells, whereas anti-PTYR antibody recognizes only PYK2 immunoprecipitated from KCl-stimulated PC12 cells. Several tyrosine-phosphorylated proteins that coimmunoprecipitate with PYK2 in response to membrane depolarization are shown in the anti-PTYR immunoblot. In contrast, anti-phospho-PYK2 antibody exclusively recognizes the tyrosine-phosphorylated PYK2, thus demonstrating that this antibody is specific for tyrosine-phosphorylated PYK2. It does not react with any other tyrosine-phosphorylated protein, including the most related kinase FAK, and it recognizes a single protein on a Western blot of brain lysate. Preincubation of anti-phospho-PYK2 antibody with the phosphopeptide immunogen (300 nM) virtually abolished its immunoreactivity in immunoprecipitation, immunoblotting, and immunofluorescence analysis (data not shown). immunoprecipitates were resolved on SDS-PAGE and analyzed by immunoblotting using anti-PYK2, anti-PTYR, or anti-phospho-PYK2 antibodies. Anti-PYK2 antibody recognizes PYK2 immunoprecipitated from both quiescent and KCl-stimulated PC12 cells (left), whereas anti-PTYR antibody recognizes PYK2, as well as several coimmunoprecipitated proteins only in response to KCl treatment. On the other hand, anti-phospho-PYK2 antibody recognizes only PYK2 immunoprecipitated from cells that were treated with KCl. No other tyrosine-phosphorylated proteins that coimmunoprecipitate with PYK2 are recognized by anti-phospho-PYK2 antibody (middle vs right).
Immunolocalization of phosphorylated PYK2 within 1 hr after focal cerebral ischemia
It was shown previously that PYK2 is tyrosine-phosphorylated in response to diverse stress signals, such as UV irradiation, hyperosmotic shock, tumor necrosis factor ␣ (TNF␣), and ␤-amyloid peptide Combs et al., 1999) . Although these studies demonstrate phosphorylation of PYK2 in cultured cells, tyrosine phosphorylation of PYK2 in response to pathological events in the brain has not yet been described. Focal cerebral ischemia provides a suitable model for the pathophysiological investigation of ischemic stroke (Kawamura et al., 1991) . We have adapted this model to determine the time course and localization of phosphorylated PYK2 by immunohistochemical analysis. Focal cerebral ischemia was induced by MCAO using an intraluminal thread technique (Longa et al., 1989) , as described in Material and Methods. Brain sections of animals killed at 15 min, 30 min, or 1 hr after MCAO were immunostained with anti-PYK2, anti-phospho-PYK2, or anti-PTYR antibodies. The results shown in Figure 2 demonstrate that phospho-PYK2 and PTYR immunoreactivities were barely detectable in nonischemic brain sections, whereas strong PYK2 immunoreactivity was evident in the parietal cortex, especially in cortical lamina V. It is noteworthy that some cells localized near the outer margin of the cortex were faintly immunostained with anti-PTYR but not with anti-phospho-PYK2 antibodies (data not shown). These cells, which exhibit typical morphological characteristics of resting microglia, were immunostained in the contralateral side as well, suggesting that tyrosinephosphorylated proteins are localized in resting microglia. These results are consistent with previous studies demonstrating phosphotyrosine immunoreactivity in the ramified microglia in the rat Figure 2 . Enhanced phospho-PYK2 immunoreactivity in cortical neurons after focal cerebral ischemia. Coronal brain sections (50 m) of animals killed at the indicated time points after MCAO were double-immunostained with anti-PTYR monoclonal antibody and with either anti-PYK2 (left) or anti-phospho-PYK2 (right) polyclonal antibodies. Shown are confocal images of lamina V neurons within the infarct cortex. In the control sections, a strong PYK2 immunoreactivity was visualized, whereas no detectable immunoreactivity of either phospho-PYK2 or PTYR was detected. At 15 min after ischemia, intense phospho-PYK2 and PTYR immunoreactivities were observed in the neurons, which were further increased at 30 min and slightly decreased at 1 hr. PTYR-positive microglial cells (arrows) were observed 1 hr after MCAO. Scale bar, 50 m.
brain (Tillotson and Wood, 1989; Karp et al., 1994) . However, 15 min after ischemia, the immunoreactivity of phospho-PYK2, as well as of phosphotyrosine, was already increased. Intense phospho-PYK2 and PTYR immunoreactivities were detected and colocalized in cortical neurons in lamina V. Maximum immunoreactivity of phospho-PYK2 was observed at 30 min and was slightly decreased 30 min later. Intense immunoreactivity of PTYR was observed 1 hr after ischemia and was evident in both neurons and microglial cells (Fig. 2) . Interestingly, at this time (1 hr after ischemia), no detectable immunoreactivity of either phospho-PYK2 or PYK2 was observed in microglial cells, suggesting that the level of PYK2 expression and its tyrosine phosphorylation are quite low in resting microglia. These results also demonstrate the specificity of the anti-phospho-PYK2 antibody toward tyrosinephosphorylated PYK2. This specificity was further confirmed by preincubation of anti-phospho-PYK2 or anti-PTYR with the phosphopeptide immunogen, which virtually abolished the immunoreactivity of phospho-PYK2 but partially inhibited the immunoreactivity of anti-PTYR (data not shown).
Increase in phospho-PYK2 immunoreactivity in microglia after cerebral ischemia
To further characterize the distribution of phospho-PYK2 after MCAO, we immunostained brain sections of animals killed at 6, 24, 48, or 72 hr after cerebral ischemia with anti-phospho-PYK2 antibody. One day after ischemia, a global decrease of phospho-PYK2 immunoreactivity in cortical neurons was observed, whereas a striking increase of phospho-PYK2 immunoreactivity was seen in the striatum. The immunoreactivity of phospho-PYK2 was further enhanced over 48 -72 hr after ischemia and localized in cells that exhibit morphological characteristics of microglia. Microglia can be distinguished from other glia of the CNS by immunostaining with the monoclonal antibody OX42 against CR3 (Flaris et al., 1993) . We used this antibody to assess the distribution and the morphological changes of microglia before and after cerebral ischemia. In nonischemic sections, OX42 immunoreactivity was detected in cells that exhibit highly arborized cell processes typical for resting microglia (McRae et al., 1998) , whereas no detectable immunoreactivity of either phospho-PYK2 (Fig. 3) or PYK2 (data not shown) was observed in the control striatum. The phospho-PYK2-positive cells shown at 6 hr after ischemia exhibit very similar morphology to OX42-positive cells. At 24 -72 hr after ischemia, dramatic morphological changes were observed in the microglia, as demonstrated by OX42 immunostaining. Shortening of cell processes and loss of secondary arborizations were detected 24 -48 hr after ischemia, whereas a complete loss of cellular processes and rounding of the cell body typical for phagocytes were visualized 72 hr after ischemia. These morphological changes are very typical for activated microglia . Thus, activated microglia, but not resting or ramified ones, can be labeled by antiphospho-PYK2 antibody. The increase in PYK2 immunoreactivity, as well as in phospho-PYK2 immunoreactivity, suggests that there is an upregulation of PYK2 protein, as well as of its phosphorylation, during microglial activation. To confirm the localization of phospho-PYK2 in activated microglia, an indirect immunofluorescence analysis was performed using anti-phospho-PYK2 and anti-OX42 antibodies. Confocal images demonstrate that phospho-PYK2 is colocalized with OX42 in activated microglia (Fig. 4) . However, the subcellular distribution of these two proteins was different; OX42 immunostaining was localized in the cell periphery as expected for a membrane bound protein, whereas phospho-PYK2 was found in the cytosol.
Colocalization of phospho-PYK2 and activated p38MAPK after cerebral ischemia
It was shown previously that p38MAPK is activated in microglia after global forebrain ischemia (Walton et al., 1998) and that PYK2 represents a stress-sensitive mediator of the p38MAPK signaling pathway in response to certain cytotoxic agents (Pandey et al., 1999) . Therefore, we examined the time course of p38MAPK and PYK2 activation in the rat brain after ischemia. Brain sections of animals killed at different time points after MCAO as indicated in Figure  5 were double-immunostained with anti-phospho-p38MAPK and anti-phospho-PYK2 antibodies. The anti-phospho-p38MAPK antibody specifically targets the double-phosphorylated active form of p38MAPK (Derijard et al., 1995; Ichijo, 1999) . As shown in Figure  5 , no detectable immunostaining of phospho-p38MAPK was observed in nonischemic cortical neurons (lamina V), similar to the results obtained with anti-phospho-PYK2 antibody (Figs. 2, 5) . However, phospho-p38MAPK immunoreactivity was already detected in cortical neurons 15 min after focal cerebral ischemia, which reached its maximal levels at 30 min after ischemia, and then it slightly subsided. The striking similarity between p38MAPK and phospho-PYK2 immunoreactivity is demonstrated in Figure 5 . The increase in PYK2 and p38MAPK phosphorylation could also be demonstrated by biochemical studies (Fig. 6 ). PYK2 and p38MAPK were immunoprecipitated from either control or ischemic cortex extracts. The immunoprecipitates were then subjected to Western blot analysis, using anti-phospho-PYK2, anti-PYK2, anti-p38MAPK, or antiphospho-p38MAPK antibody. An increase in PYK2 and p38MAPK phosphorylation was already observed 15 min after MCAO (Fig. 6) . The phosphorylation of both PYK2 and p38MAPK was sustained for 1 hr and slightly decreased 6 hr after MCAO. No detectable changes in either PYK2 or p38MAPK expression level was observed in the cortex (Fig. 6) .
To further characterize the localization of activated p38MAPK . Colocalization of phospho-PYK2 and phospho-p38MAPK in cortical neurons after focal cerebral ischemia. Coronal brain sections (50 m) of animals killed at the indicated time points after MCAO were double-immunostained with anti-phospho-p38MAPK monoclonal antibody and antiphospho-PYK2 polyclonal antibody. Shown are confocal images of phospho-PYK2 (red) and phospho-p38MAPK ( green) immunoreactivity in lamina V neurons of the cortex. Phospho-PYK2 and p38MAPK were barely detectable in the control cortex, whereas intense phospho-PYK2 and p38MAPK immunoreactivities were visualized in the cortex at 15 min after ischemia. These immunoreactivities were further increased at 30 min. Scale bar, 50 m.
after MCAO, double-immunofluorescence analysis was performed at 6 -72 hr after MCAO using both anti-phospho-PYK2 and antiphospho-p38MAPK antibodies. In the striatum, no detectable phospho-p38MAPK immunoreactivity was observed in microglia cells in nonischemic sections, similar to the results obtained with anti-phospho-PYK2 antibody (Fig. 2) . However, enhanced phospho-PYK2 and phospho-p38MAPK immunoreactivities were visualized in the activated microglia 24 -72 hr after ischemia. A representative result from this set of experiments is shown in Figure 7 , demonstrating the colocalization of phospho-PYK2 and phospho-p38MAPK in activated microglia 72 hr after MCAO. Interestingly, no detectable phospho-ERK or phospho-JNK immunoreactivity was observed after MCAO using the same experimental conditions (data not shown). These results are consistent with previous studies obtained after global forebrain ischemia in which phospho-p38MAPK immunoreactivity was observed in microglia in a region adjacent to CA1 neurons, but no detectable immunoreactivity for either phospho-ERK1/2 or phospho-JNK was observed (Walton et al., 1998) .
Increase in phospho-PYK2 immunoreactivity after KAinduced status epilepticus
To further characterize the distribution of phospho-PYK2 in the brain under pathological conditions, we immunohistochemically investigated the changes in PYK2 phosphorylation in the hippocampus after systemic injections of KA to rats. As shown previously, KA treatment induces status epilepticus 1-1.5 hr after injection and therefore can provide a chronic model of epilepsy (Kim et al., 1996) . Brain samples were obtained at 6, 24, and 72 hr after the first onset of seizure and immunostained with either anti-PYK2 or anti-phospho-PYK2 antibodies. In control hippocampus, PYK2 immunoreactivity was abundantly visualized in the hippocampal pyramidal neurons and granule cells of the dentate gyrus. PYK2 immunoreactivity was homogeneously distributed throughout the neuronal somata and processes (Figs. 8, 9 ). In contrast, phospho-PYK2 was mainly localized in the neuronal somata. After KA treatment, dramatic changes in PYK2 and phospho-PYK2 immunoreactivity were observed in the CA1, CA2, and CA3 pyramidal neurons. Figure 8 shows the immunoreactivities of PYK2 and phospho-PYK2 in the CA1 field. Similar results were obtained in other fields (CA2, CA3, and dentate gyrus) (data not shown). The level of PYK2 and phospho-PYK2 immunoreactivity in the hippocampal pyramidal neurons decreased markedly 6 hr after epileptic onset and further subsided at 24 -72 hr. Some cells that exhibited microglia-like morphology were faintly immunostained with either anti-PYK2 or anti-phospho-PYK2 antibodies at 24 hr (Fig. 8) . PYK2-and phospho-PYK2-positive microglia-like cells exhibit a "rod-like" shape and accumulated at the pyramidal layers 72 hr after epileptic onset, whereas very faint PYK2 or phospho-PYK2 immunoreactivity was visualized in pyramidal neurons at this time point (Fig. 8) . To confirm the localization of PYK2 and phospho-PYK2 in microglial cells 72 hr after KA injection, double-immunofluorescence analysis was performed using anti-OX42 monoclonal antibody and either anti-PYK2 or phospho-PYK2 polyclonal antibody. Figure 9 shows the colocalization of PYK2 or phospho-PYK2 with OX42 immunoreactivity in the microglial cells 72 hr after seizure. In the control hippocampus, OX42-positive microglial cells were uniformly distributed throughout the hippocampus, exhibiting typical resting microglial morphology. However, 72 hr after seizure, microglial cells immunostained with anti-OX42 antibody accumulated in the pyramidal layer, striatum radiatum, and dentate hilus. Most of the OX42-positive cells, but not all, demonstrated PYK2 or phospho-PYK2 immunoreactivity (Fig. 9 ). This result indicates that KA-induced status epilepticus leads to upregulation of PYK2 and phospho-PYK2 in microglial cells in a time-dependent manner, similar to the results obtained after ischemia.
DISCUSSION
The nonreceptor tyrosine kinase PYK2 is highly expressed in the CNS (Menegon et al., 1999) , although its cellular function under physiological and pathological conditions has not been elucidated yet. In the present study, we determined the cellular distribution of tyrosine-phosphorylated PYK2 in response to cerebral ischemia and epilepsy, using antibody that selectively recognizes tyrosinephosphorylated PYK2 at its major autophosphorylation site, tyrosine 402. We provide evidence that PYK2 undergoes rapid tyrosine phosphorylation in cortical neurons after focal cerebral ischemia (Fig. 2) . Tyrosine phosphorylation of PYK2 reached maximal levels at 30 min and began to decline 1 hr after ischemia (Fig. 2) . It was shown previously that persistent neuronal depolarization and elevation of intracellular calcium concentration are induced by cerebral ischemia (Arias et al., 1999; Koponen et al., 1999; Zhang and Lipton, 1999) . It was also shown that PYK2 is tightly regulated by intracellular calcium concentration and rapidly undergoes tyrosine phosphorylation in response to membrane depolarization (Siciliano et al., 1994; Lev et al., 1995) . Thus, elevation of the intracellular calcium concentration induced by cerebral ischemia might be crucial for tyrosine phosphorylation of PYK2 in neurons a short time after ischemia. Interestingly, tyrosine phosphorylation of PYK2 slightly subsided 1 hr after ischemia, demonstrating a transient phosphorylation of PYK2 in cortical neurons after focal cerebral ischemia. Because calcium plays a critical role in neuronal cell death, the transient phosphorylation of PYK2 as well as of p38MAPK (Figs. 5, 6 ) might be related to neuronal apoptosis and death. Indeed, the p38MAPK signaling pathway is implicated in neuronal cell death and apoptosis in response to a variety of pathological conditions in the nervous system (Behrens et al., 1999; Nakahara et al., 1999) . Therefore, it is reasonable to assume that PYK2 acts as an upstream mediator of p38MAPK cascades, linking calcium influx to neuronal cell apoptosis and death. In contrast to the immunoreactivity of phospho-PYK2 obtained in cortical neurons, a pronounced increase of phospho-PYK2 immunoreactivity was evident in the striatum 6 hr after ischemia (Fig. 3) . Double-immunofluorescence labeling using anti-phospho-PYK2 and anti-OX42 antibodies demonstrated that phospho-PYK2 is localized in microglia (Fig. 4) . The elevated phospho-PYK2 immunoreactivity was accompanied by morphological changes in microglia. It was shown previously that microglia, the resident brain macrophages, strongly respond to cerebral ischemia (Schroeter et al., 1999) . Activation of microglia in response to injury, inflammation, or neuronal degeneration coincides with microglial migration to the site of injury, proliferation in the area of neurodegeneration, and releasing of cytokines (Kreutzberg, 1996) . Therefore, migration, prolifer- Figure 6 . Increased phosphorylation of PYK2 and p38MAPK in the cortex after ischemia. Shown are PYK2 and p38MAPK immunoprecipitates prepared from homogenates of either control animals or animals that were exposed to MCAO for the indicated time. PYK2 and p38MAPK immunoprecipitates were resolved on SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-PYK2, anti-phospho-PYK2, anti-p38MAPK, or anti-phospho-p38MAPK antibodies. An increase in PYK2 and p38MAPK phosphorylation was observed in the cortex at 15 min after MCAO (top row). The phosphorylation of PYK2 was sustained for 1 hr after MCAO and dramatically decreased at 6 hr, whereas slight decrease of p38MAPK phosphorylation was evident 6 hr after MCAO. No detectable changes of either PYK2 or p38MAPK expression levels was observed during the first 6 hr after MCAO (bottom row).
ation, and cytokine secretions are crucial for the microglial activation process and physiological function.
Migration of microglia was shown to be regulated by ␤ chemokines, such as macrophage inflammatory proteins, monocyte chemoattractant proteins, and RANTES (regulated on activation normal T cell expressed). These chemokines also induced a reorganization of the actin cytoskeleton, which is required for cell locomotion (Cross and Woodroofe, 1999) . Whether PYK2 is involved in microglial migration is not clear at present. The enhanced tyrosine phosphorylation of PYK2 in microglia after cerebral ischemia obtained in this study (Fig. 3) , together with previous reports demonstrating the activation of PYK2 by chemokines (Dikic et al., 1998; Ganju et al., 1998a,b) , and its association with cytoskeletal proteins such as paxillin (Ganju et al., 1998) , may support this possibility.
In contrast to migration, microglial proliferation was shown to be regulated by colony stimulating factors (CSFs), such as granulocyte-macrophage-CSF or macrophage-CSF (M-CSF) (Giulian and Ingeman, 1988; Lee et al., 1994) . Recent studies have demonstrated that PYK2 is also activated by M-CSF in macrophages and that a dominant interfering mutant of PYK2 partially inhibits MAPK activation in response to M-CSF (Hatch et al., 1998) . These results suggest that PYK2 might be involved in microglial proliferation mediated by activation of the ERK/Ras signaling pathway. However, after focal cerebral ischemia, we could not detect the immunoreactivity of phosphorylated ERK but rather detected the immunoreactivity of phosphorylated p38MAPK (Fig.  5) . Four p38MAPK homologs, p38␣, p38␤, p38␥, and p38␦, were cloned in mammals. Although they exhibit different tissue distribution, all of them contain the Thr-Gly-Tyr motif. p38␣MAPK is activated by physical and chemical stresses, as well as by lipopolysaccharide and various cytokines. It appears to play an essential role in regulating inflammatory responses, cytokine secretion, and cell apoptosis (Ono and Han, 2000) . The striking similarity between phospho-PYK2 and phospho-p38MAPK immunoreactivities after cerebral ischemia (Figs. 5, 7) suggests that PYK2 is an upstream regulator of p38MAPK. Indeed, it was shown recently that overexpression of PYK2 leads to activation of p38MAPK, Figure 7 . Colocalization of phospho-PYK2 and phospho-p38MAPK in microglial cells after focal cerebral ischemia. Coronal brain sections (50 m) of animals killed at 72 hr after MCAO were double-immunostained with anti-phospho-p38MAPK monoclonal antibody and anti-phospho-PYK2 polyclonal antibody. Shown are confocal images of phospho-PYK2 and phospho-p38MAPK immunoreactivities within the infarct striatum in microglial cells 72 hr after ischemia. Colocalization appears in yellow. As shown, the amoeboid-like microglial cells are double-immunostained with anti-phospho-PYK2 and anti-phospho-p38MAPK antibodies. Scale bar, 50 m. Figure 8 . Tyrosine phosphorylation of PYK2 within the hippocampus after KA-induced epilepsy. Coronal brain sections (50 m) of animals killed at the indicated time points were immunostained with either anti-PYK2 (top row) or with anti-phospho-PYK2 (bottom row) antibody. Shown are photomicrographs of the hippocampal CA1 field. Intense PYK2 and moderate phospho-PYK2 immunoreactivity were detected in the CA1 pyramidal neurons of the control hippocampus. PYK2 and phospho-PYK2 immunoreactivities were dramatically decreased in the CA1 pyramidal neurons 6 hr after epileptic onset and were barely detected at 72 hr. However, PYK2 and phospho-PYK2 immunoreactivities were evident in microglia-like cells at 24 -72 hr after KA injection (arrows). At 72 hr after KA injection, pronounced immunoreactivity of PYK2 and phospho-PYK2 was observed in rod-like microglial cells. Scale bar, 50 m. whereas a dominant negative mutant of PYK2 inhibits p38MAPK activation in response to cytotoxic agents (Pandey et al., 1999) . However, we cannot exclude the possibility that activation of p38MAPK is independent of PYK2 tyrosine phosphorylation and is actually mediated by a different upstream regulator.
Microglial cells are able to produce and respond to a wide range of inflammatory stimuli, including TNF␣, interferon-␥ (INF-␥), interleukin-1 (IL-1), and IL-6 Benveniste, 1997) . Because p38MAPK is activated by IL-1 and TNF␣ in many cell types, it was proposed that p38MAPK is involved in microglial activation (Walton et al., 1998) . In light of the presented data, we suggest that PYK2 is also involved in microglial activation, probably upstream to p38MAPK. TNF␣ and INF-␥ (Takaoka et al., 1999) were shown previously to induce tyrosine phosphorylation of PYK2. Tyrosinephosphorylated PYK2 was also observed in microglia in vitro in response to fibrilla amyloid peptides. It was suggested that activation of PYK2 by amyloid fibril is required for neurotoxin production, and therefore it might be involved in the pathophysiology of Alzheimer's disease (Combs et al., 1999) . This hypothesis can be experimentally addressed in vivo using the anti-phospho-PYK2 antibody that we describe in this study.
An increase in phospho-PYK2 immunoreactivity was also observed in microglia after KA-induced status epilepticus (Figs. 8, 9 ), Figure 9 . Colocalization of phospho-PYK2 and OX42 in the microglial cells after KA-induced epilepsy. Coronal brain sections (50 m) of either control animals or animals killed at 72 hr after epileptic onset were double-immunostained with anti-OX42 monoclonal antibody and with either anti-PYK2 or anti-phospho-PYK2 polyclonal antibody. As shown in low-power confocal images (left panel ), intense PYK2 and moderate phospho-PYK2 immunoreactivities were visualized in CA1 pyramidal neurons and granule cells of the dentate gyrus in the control hippocampus. Microglial cells immunostained with OX42 are uniformly distributed throughout the control hippocampus, and no colocalization with either PYK2 or phospho-PYK2 was observed. At 72 hr after seizure, OX42-positive microglial cells were accumulated in the CA1 pyramidal layer, striatum radiatum, and dentate hilus. Enhanced PYK2 and phospho-PYK2 immunoreactivities were observed in microglial cells 72 hr after seizure. High-power confocal images (right panel ) demonstrate the dramatic changes in PYK2, phospho-PYK2, and OX42 immunoreactivities in the CA1 field. At 72 hr, most of the OX42-positive rod-like microglial cells (arrows) exhibit intense PYK2 and phospho-PYK2 immunoreactivity. Scale bars: left, 200 m; right, 50 m.
suggesting that tyrosine phosphorylation of PYK2 in microglia is a general phenomenon that can be attributed to microglial activation. Although PYK2 is highly expressed in several macrophage, monocyte, and microglial cell lines (Hatch et al., 1998; Combs et al., 1999 ; our unpublished results), neither PYK2 nor phospho-PYK2 immunoreactivity was detected in resting microglia in vivo (Figs. 2, 3, 8, 9) . These results suggest, that during the activation of microglia, both PYK2 expression and its tyrosine phosphorylation are upregulated in vivo. The different expression of PYK2 in resting microglia in vivo compared with the microglial cell line may be related to the basal activation state of the microglial cell lines because of the immortalization process. PYK2 is not the only protein that is upregulated in activated microglia, several additional proteins, such as the major histocompatibility complex type I and II molecules, the phago lysosomal marker ED1, and several adhesion proteins, including the integrin adhesion molecules leukocyte function antigen-1 (LFA-1), very late antigen-4, and the ligand for LFA-1, intercellular adhesion molecule-1, have been shown previously to be upregulated at different stages of microglial activation (Hailer et al., 1997; Schroeter et al., 1999) . The upregulation of these adhesion molecules is involved in the phagocytosis activity of activated microglia. Because PYK2 is activated in different cell types by cell adhesion to the extracellular matrix, it may participate in signaling pathways downstream to integrin during microglial activation. This hypothesis should be experimentally addressed.
The main role of microglia in the adult CNS is to respond to the disruption of brain homeostasis attributable to direct damage of neurons, neuronal degeneration, or through disease . Therefore, elucidating the signaling pathways involved in microglial activation will contribute to a better understanding of neuronal cell survival and death under physiological and pathological conditions.
In the present study, PYK2 was shown to be tyrosinephosphorylated in activated microglia, elicited by two pathological events: ischemia and epilepsy. We demonstrated tyrosine phosphorylation of PYK2 in situ using anti-phospho-PYK2 antibody. This antibody can be used to determine the localization of tyrosine-phosphorylated PYK2 in the CNS under various physiological or pathological conditions and to dissect the signaling pathways in situ applying both antibodies against activated downstream targets, such as phospho-MAPKs, specific inhibitors, or animal models.
